A practical analytical method was developed for the routine analysis of perchlorate in environmental and drinking-water samples by liquid chromatography-electrospray ionization mass spectrometry (LC/ESI-MS) using an anion exchange column. By using 18 O-enriched perchlorate as an internal standard, the limits of quantification of perchlorate determined by tenfold of the signal-to-noise ratio and tenfold of the standard deviation were 0.1 and 0.03 mg L -1 , respectively. The perchlorate concentrations in the raw and finished water samples from seven water purification plants were determined by LC/ESI-MS. Perchlorate was detected in 12 out of 13 samples, and the perchlorate concentrations in the samples were from 0.1 to 36.1 mg L -1 .
Introduction
Perchlorate is highly soluble and stable in water. 1 Perchlorate compounds are manufactured as its salts or perchloric acid. 2, 3 Perchlorate compounds are widely used in various products: for example, as a primary ingredient of solid rocket propellant, blasting agents, fireworks, and automotive air bag inflators. 1 Since the late 1990s, perchlorate has been detected in surface, ground and drinking-water samples, human and cow's milk samples, and vegetable samples throughout the United States (US). [4] [5] [6] [7] [8] Recently, it has been widely detected in river, industrial effluent and drinking-water samples in Japan, as reported by the authors. 9 A potential health effect associated with perchlorate is interference with iodine uptake into the thyroid gland, which may cause a decreased synthesis of thyroid hormones, and may potentially affect metabolism as well as normal growth and development. Consequently, these effects are known to be significant on pregnant women, fetuses, infants, and children. 1, 6, 10 In 2005, the National Academy of Sciences (NAS) recommended a reference dose (RfD) of 0.7 mg kg -1 per day for perchlorate. 11 In 2009, the US Environmental Protection Agency (EPA) released an interim health advisory level (HAL) of 15 mg L -1 for perchlorate. 12 Several states also have advisory levels of perchlorate, ranging from 1 to 18 mg L -1 .
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The drinking-water standards of perchlorate were set at 2 mg L -1 in Massachusetts and 6 mg L -1 in California. 14, 15 Initially, perchlorate at low concentration has been analyzed by ion chromatography coupled with conductivity detection (IC/CD). 16 The minimum reporting limit (MRL) of IC/CD is as high as several mg L -1 . To improve the detection specificity and sensitivity, an analysis of perchlorate has been performed by IC or liquid chromatography-electrospray ionization mass spectrometry (IC(LC)/ESI-MS) or tandem mass spectrometry (IC(LC)/ESI-MS/MS). 1, [17] [18] [19] [20] [21] [22] Note that in this study, the IC/ESI-MS(/MS) system is an ESI-MS(/MS) system connected to a normal IC system with a suppressor, and the LC/ESI-MS(/MS) system is an ESI-MS(/MS) system connected to an LC system, which is very common in many labs. The limits of detection (LODs), limits of quantification (LOQs) or MRL of these methods are generally from the low-ng L -1 to sub-mg L -1 levels. However, a well-known problem of these methods is ionization suppression by coexisting anions, such as chloride, nitrate and sulfate, which are usually found at mg L -1 levels or more in environmental water samples. If the separation of perchlorate from these anions is insufficient, and they severely affect the determination of perchlorate, pretreatment cartridges are used to remove coexisting anions from the sample. 17, 18 To analyze perchlorate by IC(LC)/ESI-MS(/MS) without any pretreatment, the chromatographic separation of perchlorate from the coexisting anions is required to avoid or minimize ionization suppression caused by coelution of the coexisting anions. For example, in the EPA method 332.0, 19 IC-ESI/MS was used for perchlorate analysis, and the LOD was 0.02 mg L -1 . It was also reported that the LODs of IC/ESI-MS/MS were from 0.0005 to 0.005 mg L -1 . 21 In the case of the LC/ESI-MS(/MS) system, the procedure without pretreatment is shown in EPA method 331.0. 20 The LODs were 0.005 mg/L for LC/ESI-MS/ MS and 0.008 mg/L for LC/ESI-MS. 20 In this study, an analytical method for perchlorate in environmental and drinking-water samples by LC/ESI-MS without the need for pretreatment was investigated. The separation column was an anion exchange column, and the eluent was a volatile and weakly alkaline solution. Recovery studies were performed using spiked matrix samples, which were river and tap-water samples, and ultrapure water samples containing coexisting anions. Furthermore, the perchlorate concentrations in raw and finished water samples from waterpurification plants were determined, and the measurement results were compared with those obtained by IC/ESI-MS/MS, a previously developed analytical method. 
Experimental

Standards and reagents
A 1000 mg L -1 standard solution of perchlorate was obtained from GFS Chemicals (Powell, OH). 18 O-enriched sodium perchlorate (NaClO4) obtained from Cambridge Isotope Laboratories (Andover, MA) was used for an internal standard (IS) of perchlorate. One thousand milligrams per liter standard solutions of fluoride, chloride, nitrite, nitrate, sulfate and chlorate were obtained from Kanto Chemical (Tokyo, Japan) or Wako Pure Chemical (Osaka, Japan). Ammonium carbonate ((NH4)2CO3) and ammonium chloride (NH4Cl) were obtained from Sigma-Aldrich (St. Louis, MO). Twenty-five percent (v/v) ammonium hydroxide (NH4OH) aqueous solutions, sodium ascorbate, and acetonitrile (high-performance liquid chromatography grade) were obtained from Wako Pure Chemical (Japan). For preparing the standard and stock solutions and eluents as well as diluting the samples, ultrapure water prepared by a Gradient A10 water purification system (Millipore, Bedford, MA) was used.
Sample collection and preparation
For a recovery study of perchlorate, river and tap-water samples were collected in October 2006. For investigating the presence of perchlorate in water samples from water-purification plants, raw and finished water samples from seven waterpurification plants (Plants A -G) were collected in September 2006 ( Table 1 ). The river water of the Tone River Basin, the largest basin in Japan, is widely contaminated by perchlorate, owing to the discharge of industrial effluents containing perchlorate in the upper Tone River Basin. 9 All of the waterpurification plants investigated are located in the Tone River Basin, and, except for Plant A, the water intake points of the plants are downstream of the discharging points of industrial effluents containing perchlorate. All of the sample solutions collected were refrigerated at 4˚C. River and raw-water samples were filtered with 0.2-mm polytetrafluoroethylene (PTFE) disposable filters (Advantec Toyo, Tokyo, Japan). Residual free chlorine in finished and tap-water samples was quenched using NH4Cl or sodium ascorbate. 18 O-enriched NaClO4 was added to the sample solutions and mixed before analysis (its concentration in sample solution: 1.0 mg L -1 ).
Sample analysis
The perchlorate concentrations in the sample solutions were analyzed by LC/ESI-MS. The separation was performed using an Agilent 1100 series binary pump (Agilent Technologies, Palo Alto, CA) with anion exchange columns (i.e., IonPac AG21 (2 ¥ 50 mm) as a guard column and IonPac AS21 (2 ¥ 250 mm) as a separation column (Dionex, Sunnyvale, CA)). The IonPac AS21 is suitable for separating highly retainable ions, such as perchlorate. The eluent, which was a mixture of 73 mmol L -1 (NH4)2CO3 and 20 mmol L -1 NH4OH aqueous solutions and acetonitrile (55/45), was isocratically eluted at 0.2 mL min -1 . These ammonium species (i.e., (NH4)2CO3 and NH4OH) are the types of the eluent typically used in LC/MS; the eluent used in this study seemed to be nontoxic and much easier to handle. The injection volume was 100 mL. The detection was performed using an Agilent 1100 VL mass spectrometer (Agilent Technologies) operated in the negative-ion ESI mode. The optimized conditions were as follows: dry gas temperature (nitrogen), 350˚C; dry gas flow, 10 L min -1 ; nebulizer pressure, 20 psi; capillary voltage, 1000 V; fragmentor voltage, 110 V. Perchlorate analysis was performed by selective ion monitoring (SIM) and the monitored ions were m/z 99 (quantification), m/z 101 (identification) for perchlorate, and m/z 107 for 18 O-enriched perchlorate. For investigating the presence of perchlorate in water samples from water-purification plants, perchlorate concentrations were also determined by IC/ESI-MS/ MS. The analytical conditions for IC/ESI-MS/MS are described elsewhere. 22 In some cases, the retention times of coexisting anions were investigated by LC/ESI-MS/MS or non-suppressed IC/CD under the same LC conditions as those of the LC/ESI-MS system.
Results and Discussion
Limit of quantification of perchlorate Figure 1 shows SIM chromatograms of 0.1 mg L -1 perchlorate and 1 mg L -1 18 O-enriched perchlorate in an ultrapure water sample. The separation column used in this study was a type of hydroxide-selective anion column. 23 However, the pH of the eluent in this method was much lower than those of the other methods (EPA method 331.0 and IC/ESI-MS), although the same separation column was used for perchlorate analysis. 20, 23 That is, the pH of the mixture of the (NH4)2CO3 and NH4OH aqueous solutions was 9.2, and that of the 200 mmol L -1 methylamine aqueous solution, the eluent used in the EPA 331.0, was 12. This was because, in this study, carbonate salt was used as the eluent, and an organic solvent (i.e., acetonitrile) was mixed in it. Also, (NH4)2CO3 and NH4OH aqueous solutions are generally used as the eluents in LC/MS. In the case of EPA 331.0, if the components of the LC system are normally not tolerant to high-pH solutions, the materials have to be replaced with suitable ones. 20 Therefore, it was considered that the effect of the alkaline pH of the eluent used in this study on the components in the LC system was much smaller than that of other alkaline solutions used in the LC system, such as a methylamine aqueous solution.
The LOQ of perchlorate obtained by LC/ESI-MS was determined from the signal-to-noise ratio (S/N) and the standard deviation (SD) by repetition analysis. The S/Ns of the SIM chromatograms of 0.1 mg L -1 perchlorate were 10 for m/z 99 (quantification) and 4.4 for m/z 101 (identification), and that of 1 mg L -1 18 O-enriched perchlorate was 125 for m/z 107 (Fig. 1) . Also, the S/N of the peak of 0.05 mg L -1 perchlorate was 5.0 for m/z 99. Thus, when the LOQ was defined as 10S/Ns, the LOQ . In the case of the calibration curve, when the range of the perchlorate concentration was from 0.1 to 10 mg L -1 in the ultrapure water sample, its linearity was observed (R 2 = 0.9997). Although the values of LOD, LOQ or MRL are dependent on the studies, the LOQ and MRL used in this study were not very different from those in other studies. Thus, it was considered that the proposed method is sufficient for determining the perchlorate concentration in water samples. Figure 2 shows SIM chromatograms of 1.0 mg L -1 perchlorate in an ultrapure water sample containing coexisting anions (100 mg L -1 chloride, 10 mg L -1 nitrate, and 100 mg L -1 sulfate). Because the mass scan range in Fig. 2 was m/z 50 -350, the m/z 35 of chloride was beyond the scan range, and the chloride peak was not observed. However, when these anions were analyzed by LC/ESI-MS/MS, the chloride peak was observed at a much earlier retention time than the nitrate peak (data not shown). In the case of nitrate, the tail of the nitrate peak slightly overlapped with the perchlorate peak, but most of the nitrate and perchlorate peaks were separated. The presence of nitrate in the sample seemed to affect the ionization suppression of perchlorate, but the degree was not very large (see next section). Also, the shape of the perchlorate peak was not affected by the presence of nitrate. The sulfate peak was observed later than the perchlorate peak. Sulfate, the most important anion, should be separated from perchlorate, because the minor sulfate isotope ( 34 S) has an m/z 99 signal as H 34 SO4 -, and the m/z is the same as that of the quantification for perchlorate. Furthermore, the retention times of nitrite, chlorate and fluoride were also investigated. The LC/ESI-MS/MS system was used for nitrite and chlorate, and a non-suppressed IC/CD system was used for fluoride. The retention time of fluoride was earlier than that of chloride, and those of nitrite and chlorate were earlier than that of nitrate; therefore, all of those peaks did not affect the perchlorate analysis. From these results, it was shown that the combination of the column and the eluent resulted in a rapid and successful isocratic separation of perchlorate from coexisting anions.
Separation of perchlorate from common anions
In general, IC/ESI-MS(/MS) is superior to separate these anions from perchlorate, because the IC system is designed to separate ions. However, sodium and potassium-based aqueous solutions are usually used as eluents in IC/ESI-MS(/MS); therefore, a suppressor is required to remove these nonvolatile ions. Moreover, an organic solvent, such as acetonitrile, must be mixed as a postcolumn solvent with an additional LC pump to improve the sensitivity. 19, 21, 22 Therefore, the analytical system using IC/ESI-MS(/MS) is inevitably too complex to control. On the other hand, the LC/ESI-MS(/MS) method is considered to be simpler and less expensive than the IC/ESI-MS(/MS) method. Also, in many cases, MS(/MS) systems are currently connected to the LC systems for the analysis of organic micropollutants. For such laboratories, routine switching from the LC/MS(/MS) system to the IC/MS(/MS) system and vice versa can be avoided even if they have only one MS(/MS) system. Considering these aspects, it is considered that the LC/ESI-MS(/MS) method is more applicable if the separation of perchlorate from coexisting anions is achieved like in the case of this study. 
Recovery studies
Recovery studies were performed by spiking the matrix samples with 1.0 mg L -1 perchlorate. The matrix samples were river and tap water, and ultrapure water containing 100 mg L -1 chloride, 20 mg L -1 nitrate, and 100 mg L -1 sulfate (synthesized water). Residual free chlorine in a tap-water sample was quenched by NH4Cl or sodium ascorbate. The mean percentage recoveries of perchlorate were 102% for a raw-water sample, 101% for a tap-water sample with NH4Cl, 98% for a tap-water sample with sodium ascorbate, and 99% for a synthesized water sample. The relative standard deviation (RSD, n = 5) was less than 3% for each case. The direct recoveries of the 18 O-enriched perchlorate (i.e., the percentages of perchlorate peak areas in the samples to that in ultrapure water) ranged from 85 to 89% for each sample. Ionization suppressions seemed to occur to some degree, although the determination of perchlorate by the IS method was not affected.
Determination of perchlorate in water samples from waterpurification plants by LC/ESI-MS and a comparison of the measurement results with those determined by IC/ESI-MS/MS
The perchlorate concentrations in raw and finished water samples from seven water-purification plants were determined by LC/ESI-MS and IC/ESI-MS/MS ( Table 1) . The lowest calibration standard, 0.1 mg L -1 , was set to be the MRL of perchlorate by LC/ESI-MS. Perchlorate was detected in 12 out of 13 samples by LC/ESI-MS, and the perchlorate concentrations detected were from 0.1 to 36.1 mg L -1 . The remaining sample was raw water from Plant A. Compared to the interim HAL for perchlorate (15 mg L -1 ), the perchlorate concentration in a raw-water sample from Plant B was higher than the interim HAL. Also, the perchlorate concentrations in raw and finished water samples from Plants C and G were higher than 50% of the interim HAL, and those from Plants D and F were higher than 10% of the interim HAL. From these results, it was shown that drinking water from the Tone River Basin is widely contaminated by perchlorate, as reported in a previous study. 9 Thus, it was considered that perchlorate is a type of contaminant that must be paid attention, although Japanese people generally take sufficient iodine from marine foods. 9 When the perchlorate concentrations of the 12 samples determined by LC/ESI-MS and IC/ESI-MS/MS were statistically compared using a paired t-test (level of significance: 0.05), the difference for each sample was not statistically significant.
Conclusions
In this study, an analytical method for perchlorate in a water sample by LC/ESI-MS using an anion exchange column and a volatile and weakly alkaline eluent in an isocratic mode was proposed. Perchlorate was chromatographically separated from coexisting anions, particularly chloride and sulfate, using the proposed analytical method. The perchlorate concentrations in raw and finished water samples from water-purification plants determined by LC/ESI-MS were not statistically different from those determined by IC/ESI-MS/MS, the previously developed analytical method.
